Introduction
The imido ligands are known to play a key role for stabilization of transition metal complexes in high oxidation states [1] through a metal-nitrogen multiple bond, [2] wherein the imido ligand coordinates to metal centers and can serve as an ancillary or supporting ligand. (Imido)vanadium(V) compounds have drawn much attention [3] to design a catalyst for polymerization of olefin, [4] C-H bond activation, [5] and other reactions, [6] in which ligands connected to the vanadium metal center have been demonstrated to play an important role in the reactivity. [4a,h,6f] (Imido)vanadium(V) compounds with alkoxide ligands are known to dimerize through -alkoxido-bridging in the crystal structures. [3c,j-k,m,o,r,4c] In the case of the (ptolylimido)vanadium trichloride, the polymeric structure with two chloride bridges was reported. [7] Self-association to the -alkoxido-bridged dimeric structures has been demonstrated in the case of the (aryllimido)vanadium dialkoxychloride [3c] and the (aryllimido)vanadium alkoxydichloride, [6f] indicating that tha dimeric species are more likely to form the alkoxido-bridging species rather than the chlorido-bridging ones. Fluorinesubstituted phenoxide ligands are likely to enhance the Lewis acidity of coordinated vanadium atoms because fluoro substituents work as an electron-withdrawing group. Moreover, this Lewis acid properties are expected to cause the selfassociation of (imido)vanadium(V) compounds with fluorinesubstituted phenoxide ligands such as pentafluorophenoxide ligand through -phenoxido-bridging [4g] . However, selectivity of the alkoxide bridging ligand in the -alkoxido-bridged dimeric (imido)vanadium(V) compounds with two types of alkoxide ligands has not been investigated. To gain insight into the selfassociation properties of the (arylimido)vanadium compounds, we herein report the structural characterization of (arylimido)vanadium(V) compounds with 2,6-difluorophenoxide ligands to clarify the effect of the phenoxide ligands in the selfassociation.
Results and Discussion
The 2,6-difluorophenoxide ligand was introduced through the ligand exchange reaction of the (arylimido)vanadium(V) compound, compounds. The 51 V chemical shifts of dimerized (arylimido)vanadium(V) compounds are observed in the lower field than the those of 2a, 3a, and 5a [3t] . Moreover, the (arylimido)vanadium(V) compound 2a show the only one kind of isopropyl resonance in the 1 H NMR as an evidence for maintaining a monomeric structure in the solution state.
[
(1) [3m] has been demonstrated to form the -alkoxido-bridged dimeric structure through selfassociation. To clarify the association properties of (arylimido)vanadium(V) with phenoxide ligands, X-ray crystal structure analyses were performed (Table 1) . Diffraction-quality single crystal of the compound 2a with one 2,6-difluorophenoxide ligand was given by diffusion of hexane into toluene solution of 2a.
Although the R1 value of 2a is large probably due to low quality of the crystal, the compound 2a was found to form a -isopropoxido-bridged dimeric structure 2b in the crystal packing ( Figure S1 in the Supporting Information) as observed in the crystal structures of the trialkoxides, [3j-k,m,o,r] dialkoxides, [3c] and alkoxide compounds.
[6f] Herein, each vanadium atom has a trigonal-bipyramidal geometry ( = 0.93) [8] with the imido ligand and bridging isopropoxide ligand in the apical positions.
Single crystal suitable for single-crystal X-ray structure determination was obtained by the diffusion of hexane into dichloromethane solution of 3a. The selected bond lengths and angles were listed in Table 2 . From the results of X-ray crystallographic analysis, the compound 3a showed a -isopropoxido-bridged dimeric structure 3b ( Figure 1a ) with a trigonal-bipyramidal geometry at each vanadium atom ( = 0.99) [8] similarly to 2b. Herein, the imido ligand and the bridging isopropoxide ligand are in the apical position. Compared with 1, the compound 3a showed a little shorter V-N imido bond due to the introduction of the 2,6-difluorophenoxide ligand. The axial V1-O1* bond is 0.38 Å longer than the equatorial V1-O1 bond in the bridging isopropoxy group. The long axial V-O distance trans to the imido ligand suggests the weaker coordination. Moreover, the introduction of two phenoxide ligands was found to induce two Empirical formula Formula weight Crystal system Space group intramolecular CH- interaction between hydrogen atoms at the ortho position of the methoxyphenyl moiety and phenoxide ligands (Figure 1b) . The V1-N1 distance of 1.659(3) Å and the V1-N1-C1 angle of 174.7(3)° were observed in 3a, suggesting an sphybridized character in the imido nitrogen. The V1-V1* internuclear distance of 3.21 Å indicates the absence of any bonding interaction between the vanadiums. A single-crystal X-ray structure analysis of 5a revealed each vanadium atom has a distorted trigonal-bipyramidal structure ( = 0.88) [8] through -phenoxido-bridging in the crystal packing. The (imido)vanadium(V) compounds with three 2,6-dimethylphenoxide ligands were reported to have a monomeric structure by Nomura group.
[4f]
On the contrary, the (imido)vanadium(V) compound with three 2,6-difluorophenoxide ligands was found to form the dimeric structure 5b instead of the monomeric one (Figure 2a ). This finding was caused by the Lewis acidity of vanadium center which was enhanced by the electronwithdrawing properties of the 2,6-difluorophenoxide ligand. The compound 5a has the V1-N1 distance of 1.656(3) Å and the nearly linear V1-N1-C1 angle of 177.6(3)°, indicating an sp-hybridized character in the imido nitrogen similarly to other (imido)vanadium(V) compounds. The V1-O2 and V1-O3 bond lengths of 5a on nonbridging phenoxide ligands are shorter than those of 3a due to the stronger Lewis acidity of vanadium center Table 2 . Selected bond lengths (Å) and angles ( ˚ ) for 1, 3a and 5a 1 [a] 3a 5a
Bond Lengths
O2-V1-O3 O2-V1-O1* [b] O3-V1-O1* [b] 1.677 (2) caused by coordination of three 2,6-difluorophenoxide ligands. In the case of bridging alkoxide ligands, the V1-O1 and V1-O1* bond lengths of 5a were found to be longer than those of 3a. These results were probably caused by a weaker coordination of the bridging phenoxide ligands to the vanadium centers than the bridging isopropoxide ligands in the dimeric structure. In the (imido)vanadium(V) compound 5a, Intramolecular CH- interactions of hydrogen atom at the ortho position of the methoxyphenyl moiety with phenoxide ligands are also observed. One hydrogen atom of the methoxyphenyl moiety interacts with non-bridging phenoxide ligand, another hydrogen atom with the bridging phenoxide ligand as shown in Figure 2b .
Conclusions
The structural characterization of (arylimido)vanadium(IV) compounds 2a, 3a, and 5a with 2,6-difluorophenoxide ligands were demonstrated to evaluate the effect of phenoxide ligands in the self-association. The crystal strucures of 2a and 3a confirmed the formation of the -isopropoxido-bridged dimeric structures 2b and 3b, wherein each vanadium atom has a trigonal-bipyramidal geometry with the imido and the bridging isopropoxide ligand in the apical positions. These results indicate that dimeric species are more likely to form the -isopropoxido-bridging structure rather than the -phenoxido-bridging one. On the contrary, the crystal strucure of 5a revealed the formation of the -phenoxidobridging structure 5b with a trigonal-bipyramidal geometry, wherein the imido and the bridging phenoxide ligand existed in apical positions at each vanadium. The abcence of isopropoxide ligand lead to the -phenoxido-bridging structure rather than monomeric one in the crystal packing. Studies on the application of the (arylimido)vanadium(V) compounds as a catalyst are now in progress.
Experimental Section
General Considerations. All manipulations were carried out under a nitrogen atmosphere in a drybox or using standard Schlenk techniques. All reagents and solvents were purchased from commercial sources and were further purified by the standard methods, if necessary. C NMR (100 MHz, CDCl3) 157. 6, 154.6, 152.1, 127.5, 118.9, 113.1, 111.1, 82.1, 55.4, 26.6 ppm; 51 V NMR (105 MHz, CDCl3) -532 ppm. Anal. Calcd for C19H24F2NO4V: C, 54.42; H, 5.77; N, 3.34%. Found: C, 53.89; H, 5.32; N, 3.32%. [ ( 4, 154.0, 152.4, 146.2, 128.4, 119.8, 113.0, 111.1, 84.6, 55.4, 26.4 Single-crystal X-ray Structure Determination. All measurements for 2a, 3a and 5a were made on a Rigaku R-AXIS RAPID diffractometer using graphite monochromated MoK radiation. The structures of 2a, 3a and 5a were solved by direct methods [9] and expanded using Fourier techniques. All calculations were performed using the CrystalStructure crystallographic software package [10] except for the refinement, which was performed using SHELXL. [11] The non-hydrogen atoms were refined anisotropically. The H atoms were placed in idealized positions and allowed to ride with the C atoms to which each was bonded. Crystallographic details are given in Table 1 . Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC-1536994 for 2a, CCDC-962292 for 3a and CCDC-1536995 for 5a. Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) +44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
